The chemical identity of the reactive oxygen species (ROS) and its subcellular origin will leave a specific imprint on the transcriptome response. In order to facilitate the appreciation of ROS signaling, we developed a tool that is tuned to qualify this imprint. Transcriptome data from experiments in Arabidopsis thaliana for which the ROS type and organelle origin are known, were compiled into indices and made accessible by a Web-based interface called ROSMETER. The ROSMETER algorithm uses a vector-based algorithm to portray the ROS signature for a given transcriptome.
INTRODUCTION
During the normal course of plant development and during stress, reactive oxygen species (ROS) production may occur in diverse subcellular compartments including; membranes, chloroplasts, mitochondria, peroxisomes and cytoplasm. In the light, plastids are a major source of ROS, but in the dark, or in non-green tissues, the mitochondria are major source of ROS (Rhoads et al. 2006) . One electron transfer to oxygen will create the superoxide anion, O 2 .-. Superoxide anions are generated in multiple ways and different sites. For example, one source is the respiratory burst oxidases multigene family (Rboh; NADPH oxidases) localized to the plasmellema (Sagi and Fluhr 2006) ROS play a role in cell death and in cellular signaling (Foyer and Noctor 2005; Mittler et al. 2011; Suzuki et al. 2012; Wagner et al. 2004) . While high ROS concentrations are harmful to essential biological processes, sub-lethal doses of ROS act as secondary messengers which can be sensed by specific redox sensitive proteins responsible for activation of a signal transduction culminating in altered gene expression. Different ROS have different activities (Halliwell and Gutteridge 2007) and hence elicit different protein modification, which might be manifested in eliciting different gene expression (Møller and Sweetlove 2010) . Moreover, the subcellular site in which the modification in ROS/oxidation state occurs, can also serves as a specific signal of cellular redox network (Foyer and Noctor 2003; König et al. 2012; Møller and Sweetlove 2010) .
To assess the specificity of ROS-driven transcript expression, Gadjev et al.
(2006) compared transcriptome data generated from ROS-related microarray experiments in which the specific identity of the ROS and its subcellular site of production were known. A set of general oxidative ROS-related genes was identified.
More importantly, sets of genes that were highly induced in response to hydrogen peroxide, superoxide, or singlet oxygen emanating from a specific organelle were also identified. By examining the expression of these ROS-related genes in mutant plants and during senescence, it was possible to identify the involvement of ROS in signaling (Jing et al. 2008; Rosenwasser et al. 2011 ). However, a simplified platform is desirable that will take into consideration both up and down regulated genes and in a comparative manner, identify ROS footprints. In this manner, the chemical identity and subcellular production of the ROS can be discerned using a more rigorous statistical analysis. A bioinformatic tool, ROSMETER, was developed to provide an organelle/type-dependent ROS-related transcriptomic signature. It integrates diverse, large-scale datasets of ROS-induced genes into a framework that predicts and describes the specificity of ROS transcriptomic signature. We corroborated the ROSMETER predictions by analysis of additional transcriptome data for which ROS measurements were available. In addition, we apply ROSMETER to analyze various environmental states, leading to novel hypotheses.
RESULTS

The ROSMETER platform
To assess the appearance of ROS-related transcriptomic signature in a given large scale gene expression data sets, we first compiled a set of indices, each composed of a list of significantly change genes that represent a specific ROS type or ROS emanating from a specific organelle. The approach, in which large gene expression profiles are compared to a set of genes extracted from a whole gene list, representing a specific biological response, is less susceptible to experimental noise, in comparison to common clustering methods in which all the array is compared (Sasaki et al. 2011 ).
The indices were compiled from transcriptome data of defined mutations or of direct chemical applications that lead to increase in ROS production. Each of the selected experiments has an advantage of ROS accumulation thought to originate in a specific organelle and in most cases the specific ROS type is known (Supplementary Table S1 ). The similarity between the transcripts in the indices and data of interest is established by using vector-based correlation which is thoroughly described by Kuruvilla et al. (Kuruvilla et al. 2002) . 
Discerning footprints of ROS-related experiments
To obtain a global viewpoint about the specificity of the different ROS indices, were not exposed to any stress conditions. The observation that these indices exhibit negative correlations, instead of simply no correlation with most of the data in Figure   1 , may indicate that in such mutant plants a compensatory scavenging mechanism has been activated.
If ROS responses were well defined and restricted, one would have expected a strict correlation of value 1 mainly along the diagonal. However, inspection of Figure   1 reveals a much more complicated picture. For example, the indices of ozone, flu and H 2 O 2 were particularly promiscuous and they share response with MV, CAT2HP, AT, Table S3 ). In this case, the highest correlation, as expected, was to rotenone at 3 h and somewhat less to rotenone 12 h (above 0.45 and 0.39, respectively). Oligomycin is a proton channel blocker, inhibiting mitochondrial electron transport by blocking ATP synthase activity (Schwarzländer et al. 2012 ).
Analysis of transcriptome data following this treatment can be seen to correlate with multiple indices ( 
Analysis of dark-induced and developmental senescence in leaves
Recent analysis of data from darkened detached rosettes (DR) showed elevation of mitochondrial-related ROS transcriptome (Rosenwasser et al. 2011 ) ( Figure 3A ; DR).
Here we extend this analysis to darkened detached leaves (DDL) and to darkened attached leaves (DAL) (van der Graaff et al. 2006) ( Figure 3A , Supplementary Table   S4 ). As shown, in all dark-induced systems there were high correlations to rotenone and TDNA-AOX1-MLD, i.e., mitochondrial stress. the MV (early response) footprints were found starting at day 25; however, such chloroplast-dependent footprints were absent in dark-induced senescence.
In order to assess if the redox state of cells undergoing senescence reflects that portrayed by ROSMETER analysis we followed the subcellular changes in roGFP oxidation. The fluorescence of the roGFP probe reflects the local glutathione redox potential (Meyer et al. 2007 ). Measurements were carried out in Arabidopsis transgenic lines, in which the probe was localized to mitochondria (mit-roGFP2), plastids (pla-roGFP2), cytoplasm (cyt-GRX1-roGFP2), or peroxisomes (per-GRX1-roGFP2). The degree of probe oxidation in mitochondria reporter lines (mit-roGFP2)
showed an increase following 32 DAS which was maintained at high levels ( Figure   4 ). In contrast, the peroxisomal reporter lines showed an initial increase at this time which was followed by a decrease to the initial levels 12 days later ( Figure 4 ). In this experiment bolting started 32 DAS; hence, the increase in mitochondria oxidation was correlated with bolting. Note that the degree of roGFP oxidation in plastids or mitochondria is similar to the values reported by us previously (Rosenwasser et al. 2011 ), but higher than the values reported by Schwarzländer et al. (2008) . It is possible that the lower basal redox state of the roGFP, observed by others, are due to the use of younger plants and lower light intensity used for their growth. In all, these results are consistent with the mitochondrial stress footprint displayed by ROSMETER. ), drought (10% weight loss in air for 15 min and then recovery), heat (3 h at 38 0 C and then recovery), cold (4 0 C for the indicated times), salt (150 mM for the indicated times), and high osmolarity (300 mM mannitol for the indicated times) (Kilian et al. 2007 ). The data was analyzed using the ROSMETER platform as shown in Figure 5 and Supplementary Table S5 . Interestingly, the early time points of osmotic stress were interspersed with drought and heat, but the latter time points of osmotic stress are more similar to salt stress. In conclusion, the differences in ROS transcriptomic signatures of the various abiotic stresses suggest that each of the stresses provides a unique response.
Analysis of ROS signatures in abiotic stresses using the ROSMETER
The AtGenExpress global stress also contains expression data generated from the roots of the stressed plant. In order to compare the root and shoot responses we examined the ROS signatures in shoot versus root following treatment with either heat or UV and recovery from heat ( Figure S1 ). Under UV stress, where only the aerial parts of the plants were irradiated, distinct ROS signatures were observed in the shoot and the roots. to UV illumination. In contrast, in heat stress, where the whole plant was exposed to the treatment, ROS signatures of most time points show similarity between roots and shoot ( Figure S1A) . Thus, the analysis by the ROSMETER platform indicates when the response of two different tissues is similar. In this study we show how the ROSEMETER platform facilitates characterization of ROS transcriptome signatures. Its algorithm uses a rigorous comparative approach based on vector correlation that takes into account the direction and size of all significant changes of transcript levels across the transcriptome (Volodarsky et al.
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). The ROSMETER tool is based on the assumption that the subcellular source of the ROS and its distinct chemical identity will determine the transcriptome signature.
Indices were created for a set of experiments for which the ROS type and its organelle location has been defined. The indices show a robust degree of specific correlation with their own transcriptome data (Figure 1) . Moreover, cluster analysis of the ROS indices revealed that they cluster according to the subcellular localization of ROS production ( Figure 1 ) and ROS transcriptomic footprints has been identified for ROS in cytoplasm, mitochondria, peroxisomes and plastids. Hence, this analysis supports the hypothesis that transcriptome signatures can reflect ROS origin and type and is consistent with the observation that each ROS is more highly correlated to itself along the diagonal (Figure 1 ). However, a significant degree of cross correlation can be observed which in itself is not unexpected. The cross reactivity may be due to one or However, singlet oxygen can rapidly convert to superoxide (Saito et al. 1981) , and 
Novel insights provided by ROSMETER analysis
The ROSMETER platform analysis of consecutive days during bolting and senescence showed a clear correlation to mitochondrial ROS footprint and a negative correlation to chloroplast ROS footprint ( Figure 3B ). This result was corroborated by the direct measurement of roGFP oxidation in mitochondria (Figure 4 ). Positive correlations to mitochondrial stress were also found in dark-induced senescence (Rosenwasser et al. 2011) (Figure 3A ), suggesting that developmental and induced senescence yield similar ROS signatures. The dramatic increase of both roGFP oxidation and mitochondrial-related transcriptomic signature corresponds to bolting, and this developmental step was shown previously to be associated with an increase in H 2 O 2 from whole plants (Miao et al. 2004) . Hence, the use of the ROSMETER platform has shown that mitochondrial oxidative stress is an important signaling event during developmental senescence.
The ROSMETER also shows positive correlation to the indices representing peroxisomal stress (AT treatment, Figure 3 ), but the correlation values to those indices were lower than for the mitochondrial indices. Similarly, a slight increase in roGFP oxidation was found in peroxisomes ( Figure 4) . These results are in agreement with the finding that hydrogen peroxide levels and lipid peroxidation rate significantly 1 9 increased in peroxisomes during senescence (del Rio et al. 1998) . Taken together, it is suggested that ROS stresses emanating from the mitochondria and peroxisomes occur early during natural senescence. Hence, mitochondria may play a central role as subcellular sensors of senescence and trigger senescence-activated genes.
In general, the ROSMETER analysis shows that the indices of group B (Figure 1; flu, H 2 O 2 and ozone) are activated in most of the stresses except, in cold (6-24h), osmotic (6-24h) and salt treatments, further emphasizing different pathways for these stresses. ROSMETER analysis also shows that early times of stress responses (cold, 
ONE SENTENCE CONCLUSION
We developed a bioinformatic tool ROSMETER that can discern between the responses of different ROS type and their subcellular origin and it shows new insight into senescence and biotic and abiotic stresses. 
MATERIALS AND METHODS
The ROSMETER platform ROS-related experiments used for the ROSMETER and the details of the experiments are described in Supplementary Table S1 . Table S1 .
Gene response indices based on these ROS-related experiments were compiled using the same methods used for building "HORMONOMETER" (Volodarsky et al. 10125 genes that appears in both CATMA microarray platform and Affymetrix chip (ATH1) were used.
Measurements of roGFP oxidation/reduction
Arabidopsis WT plants or those expressing either roGFP2 in the mitochondria (mit-roGFP2) and plastids (pla-roGFP2) or the GRX1-roGFP2 in cytoplasm (cyt-GRX1-roGFP2) and peroxisomes (per-GRX1-roGFP2) were grown at 21 o C under 12h day/12h night and illuminated at 80 μmol m -2 s -1 . Leaf discs were excised from the seventh leaf at consecutive days starting from 30 days after sowing. Bolting occurred on the 32 day after sowing. The roGFP degree of oxidation was determined by the fluorometer Synergy TM2 (BioTek Instruments), as has been described (Rosenwasser et al. 2010) . Leaf discs were excited by using 400 ± 15 nm and 485 ± 10 nm filters,
and fluorescence values were measured using a 525 ± 10 nm emission filter.
Fluorescence was first measured in the resting state in each disc. This was followed by the consecutive addition of 50 mM dithiothreitol followed by 1 M H 2 O 2 . (Rosenwasser et al. 2010) . The latter treatments gave maximal reduced or oxidized states of roGFP fluorescence, respectively. Background emission intensities were obtained for 16 leaf discs of wild-type plants exposed to the same excitation wavelengths under the same conditions, and these values were averaged and Figure S1 : ROS signatures in shoot versus root following treatment with heat or UV.
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